Abstract. We measured soil climate and the turbulent fluxes of CO 2 , H 2 O, heat, and momentum on short towers (2 m) in a 160-yr-old boreal black spruce forest in Manitoba, Canada. Two distinct land cover types were studied: a Sphagnum-dominated wetland, and a feathermoss (Pleurozium and Hylocomium)-dominated upland, both lying within the footprint of a 30-m tower, which has measured whole-forest carbon exchange since 1994. Peak summertime uptake of CO 2 was higher in the wetland than for the forest as a whole due to the influence of deciduous shrubs. Soil respiration rates in the wetland were approximately three times larger than in upland soils, and 30% greater than the mean of the whole forest, reflecting decomposition of soil organic matter. Soil respiration rates in the wetland were regulated by soil temperature, which was in turn influenced by water table depth through effects on soil heat capacity and conductivity. Warmer soil temperatures and deeper water tables favored increased heterotrophic respiration. Wetland drainage was limited by frost during the first half of the growing season, leading to high, perched water tables, cool soil temperatures, and much lower respiration rates than observed later in the growing season. Whole-forest evapotranspiration increased as water tables dropped, suggesting that photosynthesis in this forest was rarely subject to water stress. Our data indicate positive feedback between soil temperature, seasonal thawing, heterotrophic respiration, and evapotranspiration. As a result, climate warming could cause covariant changes in soil temperature and water table depths that may stimulate photosynthesis and strongly promote efflux of CO 2 from peat soils in boreal wetlands.
INTRODUCTION
Boreal forests represent 22% of global forest area, covering ;11 3 10 6 km 2 and accounting for more than half of North American forests (Iremonger et al. 1997 , Schlesinger 1997 . The amount of aboveground biomass in boreal forests is small (13% of global biomass carbon), but the associated peat-rich soils hold nearly half of global soil carbon stores, mostly deposited since the last deglaciation (;450 Pg, equivalent to 200 ppm atmospheric CO 2 ; Gorham 1991 , Schlesinger 1997 . Climate has warmed in the boreal forest in the past century, and precipitation has increased (Myneni et al. 1997 , Keyser et al. 2000 , Zhang et al. 2000 , Stone et al. 2002 . The IPCC Fourth Assessment Report (2007) predicted that the greatest temperature increases over the 21st century will be in the high northern latitudes. The future stability of boreal forests and peatlands and their large reservoirs of organic carbon under changing hydrological and temperature regimes is unknown. Myneni et al. (1997) suggested that primary production may increase in response to a warmer climate. However, some boreal species are ill-adapted to warmer climates and may be subject to growth declines (Barber et al. 2000 , D'Arrigo et al. 2004 , Wilmking et al. 2004 and to more insect outbreaks and wildfire (Flannigan et al. 2005) , as occurred during the warm 1980s (Stocks et al. 2002) . The boreal landscape is heterogeneous, with varying stand ages and land cover types, complicating attempts to predict the response of the biome to changing climate. Previous studies have shown that these forests can serve as a sink for atmospheric carbon dioxide (Black et al. 2000 , Suni et al. 2003 or as a source (Milyukova et al. 2002 , Dunn et al. 2007 . Fire is an important process in the boreal forest, and generates a mosaic of stand ages and species that alters local carbon trajectories in space and time (Litvak et al. 2003 , Goulden et al. 2006 . Topography-driven variations in land cover type within a single-aged stand are also common , but the impact of these variations on ecosystem processes is difficult to resolve with whole-forest carbon flux measurements. As a result, it has been difficult to make assessments regarding the strength of the biome as a source or a sink for atmospheric CO 2 due to the high degree of landscape heterogeneity present on a variety of scales (Black et al. 2004) .
In this paper, we present the results from a study seeking to quantify the effects of small-scale landscape heterogeneity on ecosystem processes within a singleaged boreal forest stand. This study was conducted at the Northern Old Black Spruce (NOBS) tower flux site, where whole-forest carbon flux data have been collected since 1994 (Dunn et al. 2007) . In this study, we installed short flux towers (2 m) within the footprint of the preexisting NOBS tower. These towers were located in two common boreal land cover types that had very different vegetation, drainage, and soil carbon profiles. We conducted intensive, automated monitoring programs of soil climate and CO 2 fluxes in these two land cover types. We developed a modified Bowen ratio technique for measuring fluxes of carbon, water, and heat in areas close to the ground, where traditional flux measurements were impractical. These data provided valuable insight into how two major land cover types of the boreal forest landscape respond to climate and shape the whole-forest pattern of carbon exchange observed at the preexisting NOBS tower.
METHODS

Site selection
The Northern Old Black Spruce (NOBS) tower is located at 55.888 N, 98.488 W, in central Manitoba, Canada, and is situated on the low-relief terrain of the Canadian Shield, near the northern limit of the continuous boreal forest . The site is 40 km from the nearest town (Thompson), 4 km south of the closest road (Provincial Highway 391), and is accessible only by foot, all-terrain vehicle, or snowmobile. An Environmental Monitoring System (EMS) tower was installed in 1994 as part of NASA's Boreal Ecosystem-Atmosphere Study (BORE-AS), an international field experiment examining atmosphere-biosphere interactions in the Canadian boreal forest (Sellers et al. 1995) . The EMS tower measures continuous fluxes of carbon dioxide, water vapor, heat, and momentum at a height of 30 m, in addition to a suite of meteorological observations (see and Dunn et al. [2007] for more details).
The area surrounding the NOBS EMS tower is quite heterogeneous (Dunn et al. 2007 : Plate 1), comprising a continuum of drainage classes (from moderately well drained to very poorly drained; Harden et al. 1997 ) and soil carbon profiles. The soils at this site developed atop the relatively impermeable clay/silt sediments of glacial Lake Agassiz in the 8000 years following deglaciation and lake retreat H. Veldhuis, R. G. Eilers, and G. F. Mills, unpublished manuscript) . The area within a 500-m radius of the tower is ;25% well drained, 50% imperfectly to poorly drained, and 25% very poorly drained . The well-drained areas are covered by feathermoss with ;160-yr-old, 10-m-tall black spruce trees (Picea mariana (Mill.); Gower et al. 1997) . The imperfectly to poorly drained areas are covered with feathermoss and Sphagnum spp., and have chlorotic, 1-6 m-tall black spruce trees. Sphagnum and brown mosses cover the very poorly drained areas.
We selected two sites for intensive study of the link between soil hydrology and carbon exchange. The ''dry'' site was located in a moderately well-drained upland 22 m to the south of the EMS tower (Dunn et al. 2007 : Location D; see Plate 1), with a closed canopy of dense, 10-m-tall black spruce trees and a ground cover of feathermosses (Pleurozium and Hylocomium). Soil carbon stocks at the dry site were modest, 4 kg C/m 2 . The ''wet'' site was located in a poorly drained wetland 130 m to the eastnortheast of the EMS tower (Dunn et al. 2007 : Location C; see Plate 1), characterized by Sphagnum hummocks, chlorotic black spruce, and tamarack (Larix laricina (Du Roi) K. Koch). Large amounts of soil organic carbon cover the wet site, ;28 kg C/m 2 . The wet site had small-scale microtopography, with Sphagnum hummocks and hollows comprised of a mix of Sphagnum and feathermosses. Soil organic layers were up to 100 cm thick in the tallest hummocks.
Instrumentation and analysis
Site installation commenced in September 2001 with a suite of instrumentation to measure soil climate. Thermistors for soil temperature were emplaced at multiple depths at two locations at each site. Time domain reflectometry probes for soil moisture were installed at the same locations, at four different depths. Soil heat flux plates were installed at 12 cm in depth at two locations in each site. In the dry site, these measurements were made at two similar locations ;2 m apart. At the wet site, one set of measurements was made in a Sphagnum hummock and the other set in an adjacent hollow, with a height difference of 21 cm between the two. An ultrasonic distance detector mounted above a well 10 cm in diameter was installed near the soil climate profiles to measure the height of the water table. Automated measurements began on 21 September 2001, and have continued to the present. Two 2-m-tall towers were installed during early 2003, one at the wet site and one at the dry site. A sonic anemometer was mounted at 2 m on the tower to measure the three-dimensional components of wind velocity and sonic temperature (derived from the speed of sound and very close to virtual temperature). Air temperature, CO 2 concentration, and H 2 O concentration were measured at heights of 0.5 and 2 m. The turbulent transfer coefficient k was determined based on the measured sensible heat flux at 2 m and the temperature gradient between 0.5 and 2 m. The turbulent fluxes of CO 2 and H 2 O were then calculated using k and the gradient of CO 2 and H 2 O between 0.5 and 2 m, following the modified Bowen ratio method (Meyers et al. 1996, Liu and Foken 2001) . The flux and associated measurements on the towers began on 17 April 2003, and continued through fall 2006. A detailed description of instrumentation and analysis, as well as the names and addresses of the sources for the equipment, can be found in the Appendix.
RESULTS
Heterogeneity in soil temperatures, interannual variability, and heat fluxes
The seasonal pattern of soil temperature was driven by air temperature. Deeper depths exhibited lagged responses to the seasonal forcing as soil thaw propagated downward from the surface. The seasonal cycle of soil temperature differed between the hummock and hollow at the wet site and the dry site ( Fig. 1) , although notably all were fixed at ;08C for long periods in spring and early summer. Soil temperatures at a given depth were warmest in the hummock and coolest in the hollow, with the upland soil temperatures falling in between the two. It is not surprising that temperatures in the hollow lagged other locales, as these microtopographic lows are close to the water table and high soil moisture levels lead to increased soil heat capacity, as well as high conductance to colder layers below. Wintertime soil temperatures were À38C to À58C, much warmer than air temperature, which averaged À18.48C from January through March. There was pronounced interannual variability in soil temperature at the wet site ( Soil heat fluxes were an important component of the overall energy balance of the ecosystem, providing longterm sources or sinks for heat (Fig. 3 ). Both the wet and dry sites absorbed heat through the warm months (midMay through mid-October), and lost heat through the long boreal winter. The wet site was a larger sink for heat in the summertime, with a peak absorption of 8 W/m 2 , compared to 6 W/m 2 in the dry site. The likely reason for this difference was the higher heat capacity of moist soils in the wet site, which allowed absorption of more energy through the growing season than was observed at the dry site. Wintertime differences in soil heat fluxes between the sites were small.
Water table and soil moisture
The time series of water table depths is shown in Fig.  4 . Spring thaw periods were characterized by a slow, fairly steady drawing down of the water table, which remained perched above the frost line as it receded FIG. 1. Soil temperature during 2004 in three boreal land cover types: upland (well-drained soils, dense closed-canopy forest), hollow (microtopographic low point in a poorly drained wetland), and hummock (microtopographic high point in a poorly drained wetland).
FIG. 2.
Interannual variability in soil temperature in a microtopographic hollow at the wet site during the three years of this study.
deeper into the soil. This is the reason why soil temperatures remain fixed at ;08C for long periods in the spring. At the dry site, the water table depth dropped below the depth of the well (30 cm) and into the deeper clay layers by June of each year. At the wet site, however, the water table was always detectable in the 35-cm well, generally fluctuating between 20 cm and 30 cm from the surface. Water tables in the wet site responded strongly to precipitation events, rising as much as 10 cm in response to large rainstorms, most likely reflecting both local rainfall and drainage from upland areas. In the midsummer, the water table slowly dropped following each rainfall, reflecting evapotranspiration demands and slow runoff at this site (H. Veldhuis, personal communication). By September and October, the water table began to stabilize, with relatively little drawdown following rainfall events.
The early and midsummer patterns of water table depths in the wetland were coupled to snowmelt and soil thaw, and there was a strong correlation between soil temperature and water table depth. The connection between soil thaw and water table depths is illustrated in Fig. 5 , which shows soil temperatures and water table depth in the hollow at the wet site. The vertical lines identify the timing of persistent (as opposed to shortlived) thaw (T . 0.58C) at depths of 5, 10, and 25 cm. The timing of thaw at a given depth and the descent of the water table were coupled, with the water table descending below a given depth only after thaw at that depth was complete. The timing of thaw in the soil column therefore represented an important control on early season water table depth. Until thaw was complete, water table depths did not reflect the free water table, but instead were perched at the depth of the impermeable frost line. This caused the May-June water table depths to exhibit a slow, steady drop (Figs. 4 and 5), tracking the descent of the frost line.
Water table and evapotranspiration
We observed diurnal fluctuations in water table depth on the order of 1-2 cm during the growing season that were not present during the dormant season at the wet site. The highest water tables were observed just prior to dawn, and the lowest water tables occurred just before sunset. We tested the hypothesis that these fluctuations were driven by evapotranspiration (ET) demands by extracting the amplitude of the diurnal cycle from the half-hourly data. We found that daily rates of wholeforest ET, as measured from the EMS tower, accounted for 30% of the variability in the amplitude of the water table depth (P , 0.001). This suggests that the daytime depression of water table depth during the growing season reflected changes in pore pressures due to transpiration demands from the forest and evaporative demands from the atmosphere, wherein the peat acted like a sponge in response to changing internal pressures.
We tested to see if daily ET, as measured by the EMS tower, was affected by water table depths at our site. We saw no evidence of suppression of ET under deep (.30 cm) water table conditions; instead, ET increased with increasing water table depths. As the deepest water tables were found in mid to late summer, when both the conifers and deciduous understory are photosynthesizing, this increase in ET with water table depth was likely due to transpiration rather than evaporation. The absence of ET suppression during times of deep water tables suggests that photosynthesis at the NOBS tower flux site as a whole is not water limited, as ET was largest at times of lowest water availability.
Carbon fluxes at two meters
The seasonal cycle of carbon exchange near the ground was markedly different at the wet and dry sites, and both differed from the fluxes observed atop the 30-m EMS tower (Fig. 6) . The 2-m tower at the wet site was higher than the canopy of shrubs and mosses, although below the tops of the sparse trees at the site. The tower was situated well above the hummocks and hollows, and measured fluxes therefore represented an integration of the microtopography at the site. All three sites showed the forest to be a source of carbon before the start of the growing season and from October onwards. In 2004, strong negative fluxes (indicating carbon uptake) were first observed at the EMS tower in mid to late May (Fig.  6 ). This reflected the relatively cool spring experienced in the region, with mean April and May temperatures of À3.78C and 2.08C, much cooler than the long-term average of À2.28C and 6.58C, respectively. Uptake of CO 2 in the wet site began in June, later than in the forest as a whole (Figs. 6 and 7) . Daily maximum uptake was low, the most negative fluxes being À2 lmolÁm À2 Ás À1 (the EMS tower, in contrast, showed uptake of over À5 lmolÁm À2 Ás À1 at the same time). However, in July and August, peak uptake of CO 2 at the wet site increased markedly to À10 lmolÁm À2 Ás À1 , larger than the maximum observed by the EMS tower in any month (Fig. 7) . In September, rates of daytime uptake at both the wet site and EMS tower began to decline in advance of the long dormant season. The dry site was a net source of carbon at 2 m (below the thick spruce canopy) all year long, peaking in late July and early August.
Respiration losses at each of the sites and at the EMS tower were estimated using nighttime CO 2 fluxes for well-mixed atmospheric conditions (friction velocity, u* . 0.2 m/s 2 ; representing 62% of valid nighttime measurements). There were significant (P ¼ 0.05) differences in respiration rates between the wet and dry sites (Table 1, Fig. 8 ). During the dormant winter period (November-April), observed respiration at the EMS tower and wet site were similar, whereas the dry site had much smaller respiration losses, likely due to its understory location, which excluded respiration by the forest overstory (Ryan et al. [1997] found that the overstory represented 37% of total autotrophic respiration at this site). Respiration rates increased during spring, peaking at all sites during the month of August.
While EMS and wet site respiration rates were similar during the spring, respiration rates in the wet site exceeded those at the EMS tower from July through October.
Controls on respiration and the role of landscape heterogeneity
Previous studies (Goulden et al. 1998 , Wang et al. 2003 , Dunn et al. 2007 found that temperature and drainage were important controls on whole-forest respiration at this site. In this study, we observed that soil temperatures in the wetland were significantly and positively correlated with wetland respiration rates, and depth to water table was also a contributor. Soil temperatures at 15 cm in depth in the wetland explained most of the variance in the mean weekly growing season nighttime respiration (r 2 ¼ 0.33, P , 0.001), and increased depths to water table slightly stimulated respiration (r 2 ¼ 0.08, P ¼ 0.06). Water table depths and soil temperature were positively correlated (r 2 ¼ 0.32, P , 0.001), reflecting the effects of moisture on the heat capacity and conductivity of soils. Carbon efflux from the wetland was significantly correlated to wholeforest respiration rates, accounting for 78% of the variance in average monthly effluxes (P ¼ 0.0001). Our results provide evidence that soil respiration in the wetland is driven by soil temperature and enhanced by lower water tables, exerting a strong control on wholeforest respiration rates.
DISCUSSION
Boreal forests are dynamic landscapes, continually changing in response to post-glacial drainage development, permafrost shifts, forest fire, and climate change. The boreal landscape is very heterogeneous, comprised of a mosaic of wetlands, coniferous forests, and deciduous forests, spanning a wide age structure (Steyaert et al. 1997) . The area surrounding the Northern Old Black Spruce (NOBS) Environmental Monitoring System (EMS) tower is no exception, with differences in drainage class creating a wide spectrum of land cover types in a relatively small area . Our project sought to study the effects of this landscape heterogeneity on soils and carbon exchange in order to better understand the components of the ecosystem-scale fluxes in this landscape. We found that the site heterogeneity led to marked differences in soil climate and carbon exchange. Below we discuss the observed coupling between soil thaw, soil drainage, and water table depth, and the implications for carbon exchange. We show how the unique patterns of carbon exchange observed at the 2-m towers help resolve the elements contributing to seasonality in carbon exchange observed at the ecosystem scale by the EMS tower. We then use whole-forest evapotranspiration rates and water table depths to show that photosynthesis in the NOBS area is likely not water limited.
Soil thermal regime, thaw, and drainage
Soil drainage and associated moisture levels had a strong impact on soil thermal characteristics. The high heat capacity of water muted the seasonal cycle of soil temperature at the hollow in the wet site, keeping soils warmer in the winter and cooler in the summer than drier soils (Fig. 1) . This higher heat capacity of wet soils also affected the observed soil heat flux (Fig. 3) . The wet site was a greater sink for energy during the growing season, absorbing 66 MW/m 2 of energy during 2004 compared to 44 MW/m 2 by the dry site. Frost persisted well into the growing season despite the wetland absorbing 50% more heat than the dry site. The interannual variability in soil temperatures (Fig. 2) in the carbon-rich wet site potentially represents an important control on the total heterotrophic respiration of soil organic matter in the wetland portions of this forest.
Water table depths in the wet site were strongly affected by soil thaw (Fig. 5 ) and the overall water balance of the area. We found that drainage of snowmelt and spring rains were impeded by the presence of a soil frost line, leading to a perched water table. This perched water table, in turn, increased the heat capacity of the soils in the wet site relative to the soils in the dry site. The water perched above the frost line was in thermal contact with the frozen layer, and was maintained at a temperature of ;08C, helping soil frost to persist later in the growing season than it would in drier soils. This close coupling of the soil thermal and hydrological regimes had important implications for the seasonal course of carbon exchange, and for annual respiration totals. The perching of the springtime water tables inhibited heterotrophic respiration of organic matter by inducing anoxia and keeping soil temperatures low. This mechanism explains the seasonal pattern of respiration, which lags photosynthesis at this site (Dunn et al. 2007 ).
Controls on carbon exchange
The seasonal cycle of carbon exchange at the wet and dry sites was quite different from that observed by the NOBS EMS tower (Figs. 6 and 7) . The onset of the growing season (defined as the first day with uptake rates equal to 10% of the seasonal maximum uptake) was earlier at the EMS tower than at the wet site. In 2003, the wet site onset lagged the EMS tower by 30 days, and in 2004 by 38 days. After the initial lag, however, rates of uptake increased rapidly (became more negative) at the wet site, and were larger than at the EMS during the months of July and August (Fig. 7) . Goulden and Crill (1997) measured CO 2 exchange at the moss surface at this location during late summer and found that Sphagnum photosynthesis ranged from 0.5 to 2.5 lmolÁm À2 Ás À1 . This suggests that while bryophytes were an important component of forest-floor photosynthesis at the wet site, they only accounted for a portion of peak summer CO 2 exchange, which reached nearly 10 lmolÁm
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. The presence of deciduous shrubs at the wet site and the observed lag in uptake suggests that the intense fluxes in the growing season were dominated by the deciduous components of the footprint of the 2-m tower, whereas the more modest fluxes in early summer, prior to leaf-out, reflected the influence of bryophytes. These observations are in line with those of Kolari et al. (2006) , who observed much higher photosynthesis rates by dwarf shrubs than bryophytes in a boreal Scots pine stand. These results therefore suggest that much of the early season EMS flux is derived from the black spruce and mosses in the tower footprint, which begin photosynthesis in early spring (Dunn et al. 2007) .
The deciduous ''pulse'' of uptake in July and August observed at the wet site provides an explanation for the shape of the annual photosynthesis curve at the EMS site (Dunn et al. 2007 : Fig. 2) . The average seasonal course of photosynthesis began to increase in May, leveled off briefly, and then peaked during the months of July and August. Midsummer peak uptake rates of CO 2 represented an increase of about 25% from the rates in May-June. Our data indicate that this feature was most likely due to contributions from the deciduous understory components of the tower footprint, which have a short but intense growing season that peaks in July and August (Fig. 7) . These findings are similar to those of Potter et al. (2001) , who estimated that the production of the understory and ground cover accounted for 25% of the total net primary production at this site.
In contrast with the wet site and EMS towers, respiration exceeds photosynthesis at the dry site (below the tree canopy) all season long. Evidently uptake by feathermoss contributes little to the net flux when compared to respiration rates from the upland forest floor, associated with black spruce root respiration. These findings are in line with those of Goulden and Crill (1997) , who found the gross photosynthesis of feathermosses at this site to be between 0.5 and 1.0 lmolÁm , and with those of Wang et al. (2003) , who found maximum soil surface effluxes of ;3 lmolÁm
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À1 in the same upland stand. The lag of respiration relative to photosynthesis at NOBS (Goulden et al. 1998 , Dunn et al. 2007 : Fig. 2 ) was directly caused by the slow process of soil thaw and drainage. This effect was seen in the diurnal data at all sites (Fig. 7) , which show a steady increase in nighttime flux throughout the course of the summer. By mid to late summer, respiration rates were highest at the wet site and lowest at the dry site (Figs. 7 and 8) . It is not surprising that the wet site showed the largest nighttime effluxes, as the largest stores of soil organic carbon were located in its footprint. In addition, the soils at the wet site remained warm even after photosynthesis had ceased for the year, causing positive fluxes out of the wet soils from October through December (Fig. 6 ). These findings differ from those of Wang et al. (2003) , who found little difference in soil surface CO 2 fluxes between well-drained and poorly drained soils in this area; however, the soil carbon profiles may have been different from those presented in this study.
Respiration rates at the EMS were between those observed at the wet and dry sites, representing an integration of the effluxes across the continuum of land cover types from wet to dry. The footprint of the tower was comprised of 25% well-drained soils and 75% imperfectly to very poorly drained soils , allowing construction of a simple respiration budget. Total respiration in the upland areas is ;1117 g CÁm . Wet site areas of the tower footprint are clearly a major contributor to whole-forest respiration rates (Table 1, Fig. 8 ). It appears that these wet site areas have the potential to be an even larger carbon source given favorable environmental conditions. Currently, water tables are high and soil temperatures are low for much of the summer, limiting the window of time when decomposition rates are high. Should climate change cause wet soils to warm more quickly, due to earlier seasonal decline of perched water tables or to decreased moisture availability, effluxes from these areas would be expected to increase, possibly substantially. We note in this context that the peat between 25 and 35 cm in depth appears to contribute most of the increase in CO 2 efflux in July and August, but peat in this area can reach up to 100 cm in depth. In addition, should seasonal thawing occur earlier, the peat would be vulnerable to combustion in forest fires for a longer interval.
Water table depths and evapotranspiration
The water table depth in the wet site exhibited a pronounced diurnal cycle during the growing season, similar to observations in other Sphagnum bogs (Kellner and Halldin 2002) . The amplitude of these fluctuations was correlated with rates of whole-forest evapotranspiration observed from the NOBS tower, suggesting that the amplitude reflected daily evapotranspirative demand. Lafleur et al. (2005) found that in a shrubcovered bog in Ontario, evapotranspiration dropped when water tables fell below the rooting depth of the PLATE 1. (Left) Dry site in a moderately well drained upland with 10-m tall black spruce and a feathermoss ground cover, and (right) wet site located in a poorly drained wetland with chlorotic 1-6-m tall black spruce, tamarack, and Sphagnum ground cover. Photo credit: A. L. Dunn. vascular plants, indicating water stress. We found no evidence of reduced evapotranspiration corresponding to deep water tables at NOBS; instead, whole-forest evapotranspiration increased as water table depths dropped. This finding corroborates that of Ewers et al. (2005) , who found that transpiration in mature upland black spruce forests did not saturate with increasing vapor pressure deficits, allowing these forests to continue assimilating carbon in the face of drought. This observation provides strong evidence that the forest as a whole at NOBS is not water limited. Indeed, the increased photosynthesis with water table depth suggests that the soils may be too wet during much of the summer for optimum photosynthesis. This is not surprising, given that the NOBS tower footprint includes wetlands with stunted, 1À6 m-tall spruce that are adversely affected by high water tables. Presumably, deeper water tables would enhance photosynthesis by these trees by making their local soil climate more similar to that of the taller, upland spruce. The lack of observable water stress corroborates the finding of Dunn et al. (2007) , who found no enhancement of photosynthesis by precipitation in the 10-yr record of carbon exchange at NOBS. Lack of water limitation for photosynthesis was also observed at six nearby chronosequence sites, which experienced a decrease in photosynthesis associated with increased surface moisture (M. Goulden, unpublished data).
Conclusion
Landscape heterogeneity plays a critical role in how boreal forests respond to changes in climate. Our work shows that water, through its abundance and phase changes, has a profound impact on the seasonal cycle of soil thaw and soil drainage in a typical mature boreal forest, with important implications for both ecosystem photosynthesis and respiration. The IPCC Fourth Assessment Report (2007) suggests that high northern latitudes will experience an increase in precipitation in the future, possibly leading to higher water tables. In addition to inundating soils, higher water tables would increase soil heat capacity and mute the seasonal cycle of soil temperature, possibly protecting soil organic carbon against heterotrophic respiration. However, higher water tables may also inhibit photosynthesis by waterlogging the soils, keeping evapotranspiration low, and limiting tree growth. If precipitation decreases or remains constant while temperature increases in the future, falling water tables may drain previously saturated portions of the soil column in carbon-rich wetland areas, allowing them to warm more rapidly, stimulating heterotrophic respiration and turning these wetlands into sources of atmospheric carbon. Effects of regionally lower water tables could be compounded by earlier descent of seasonally perched water tables. Drier, more deeply aerobic peat is subject both to increased rates of biological oxidation and to deeper losses due to combustion during fires. The possibility for positive feedback between water balance, thaw rates, and evapotranspiration rates emerges from the measurements we have presented, and needs to be carefully considered in models of climate change coupled to the carbon and water cycles.
